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Abstract
Procyclic forms of Trypanosoma brucei possess a phosphatase activity on their external cell surface. This activity, while it
dephosphorylates [32P]phosphocasein, is inhibited weakly by NaF and tartrate but strongly by vanadate. In this work, we describe the
presence of an external phosphatase activity in intact bloodstream forms of T. brucei. With p-nitrophenyl phosphate (pNPP) as substrate,
these intact cells produced 3^5 nmol pNP min31 mg31, linearly for up to at least 30 min. The activity was not significantly increased by
Mg2þ, Mn2þ, Ca2þ and Co2þ, but was inhibited by vanadate, NaF, p-chloromercuribenzoate and Zn2þ and was insensitive to okadaic
acid. Membrane-enriched fractions of parasites contained an acid phosphatase activity, with a pH optimum in the range of 4.5^5.5. This
activity hydrolyzed phosphotyrosine (40 nmol phosphate min31 mg31) better than phosphothreonine or phosphoserine. Partial
purification of this phosphatase yielded a single activity band following gel electrophoresis, a Km value of 0.29 mM with pNPP and was
insensitive to the Fe2þ/H2O2/ascorbate system.
< 2003 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
Phosphorylation and dephosphorylation are fundamen-
tal pathways that regulate a wide variety of cellular events
[1]. Tyrosine phosphorylation in vivo is regulated by pro-
tein tyrosine kinases, which catalyze tyrosine phosphory-
lation, and protein tyrosine phosphatases (PTPs), which
are responsible for dephosphorylation [2]. Cell membrane
enzymes in which the active site faces the external medium
rather than the cytoplasm can be assayed using live cells
(reviewed in [3]). Of particular interest are ecto-enzymes
present on the outer surface of the membrane of blood-
stream parasites since they can mediate parasite^host in-
teractions.
Trypanosoma brucei is a protozoan parasite that passes
through several extracellular cycles in its mammalian hosts
and tsetse £y vector. These cycles involve changes in the
parasite’s metabolism, morphology and membrane com-
position. Several protein kinases have been described in
T. brucei [4^7] with the appearance of the protein phos-
phorylation networks probably representing an ancient
event in trypanosomes [8]. The di¡erentiation of the para-
site from bloodforms to procyclic forms was apparently
accompanied by increased tyrosine phosphorylation [9]. In
contrast, little is known about protein phosphatases and
their function in the life-cycle of T. brucei [10^12]. In other
trypanosomatids, such as Leishmania donovani [13], phos-
phatase activity is uniformly distributed in the plasma
membrane and in the vicinity of the £agellar pocket.
Some of these enzymes have been puri¢ed [14] and because
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they are excreted, it has been suggested that they may be
useful as a marker of virulence [15]. The cloning and char-
acterization of a protein phosphatase from Leishmania
chagasi showed that this protein was conserved among
Leishmania and eukaryotic serine/threonine protein phos-
phatases [16].
Since most of studies of Trypanosoma phosphatases
have been done either with crude trypanosome lysates or
with puri¢ed enzymes, we have investigated the behavior
of these enzymes in intact cells. The results presented here
indicate that intact and alive bloodstream forms of
T. brucei possess ecto-phosphatase activities able to hydro-
lyze the phosphotyrosine analog p-nitrophenyl phosphate
(pNPP) and phosphotyrosine. In addition, this membrane-
associated acid phosphatase was found to be resistant to
inactivation by oxygen metabolites, as also reported for
Leishmania phosphatase [17].
2. Materials and methods
2.1. Parasites
Bloodstream forms of the monomorphic clone T. brucei
brucei MITat 1.4 were harvested at mid-exponential phase
from infected rats and isolated by DEAE-cellulose (What-
man DE-52) chromatography [18]. T. brucei brucei procy-
clic forms ILTar 2 were grown at 28‡C in SDM-79 me-
dium. The parasites were collected, washed and kept in 50
mM Tris^HCl, pH 7.2, containing 20 mM KCl and 100
mM sucrose.
2.2. Preparation of the membrane fraction
Parasite membrane-enriched fractions were prepared as
described by Seyfang and Duszenko [19] and stored at
3130‡C. Protein concentrations were determined by the
biuret method [20] using bovine serum albumin as stan-
dard.
2.3. Partial puri¢cation of the membrane phosphatase
Phosphatase was puri¢ed from cell concentrates as de-
scribed by Seyfang and Duszenko [19]. Brie£y, a ghost
fraction was obtained by hypotonic lysis, washed several
times and the protein fraction was homogenized in acetate
bu¡er, pH 5.0, and Triton X-114. After di¡erential centri-
fugation, the supernatant was collected and concentrated
under positive pressure with nitrogen in an Amicon ultra-
¢ltration system using PM-10 membranes. Enzyme activity
was assayed by pNPP hydrolysis and purity was assessed
by sodium dodecyl sulfate^polyacrylamide gel electropho-
resis (SDS^PAGE).
2.4. Phosphatase assay
Unless otherwise speci¢ed, pNPP hydrolysis was as-
sayed as previously described [21]. Reactions were initiated
by the addition of intact cells, membrane-enriched frac-
tions or partially puri¢ed enzyme and stopped by the
addition of 1 ml of 1 M NaOH. trans-1,2-Diaminocyclo-
hexane-N,N,NP,NP-tetraacetic acid (CDTA) or ethylene-
diaminetetraacetic acid (EDTA) was used to measure ac-
tivity in the absence of divalent cations. The p-nitrophenol
(pNP) released was measured based on the increase in ab-
sorbance at 425 nm (the extinction coe⁄cient used for the
p-nitrophenolate ion was 1.75U104 M31 cm31). Speci¢c
activity was expressed as nmol of pNP released min31
mg31 of protein. The hydrolysis of phosphorylated amino
acids was measured under the same conditions as for
pNPP. The free inorganic phosphate released was deter-
mined according to Lowry and Lopez [22]. Phosphatase
activity was assayed in the absence of metal ions by in-
cluding 1 mM CDTA. Phosphatase activity was also de-
tected in gels as described by Gomez [23]. Brie£y, after
electrophoresis in non-denaturing conditions, any activity
was detected by incubating the gels with 50 mM L-naph-
tylphosphate and 1 mg Fast-blue BB ml31 in 100 mM
acetate bu¡er, pH 5.0, at 37‡C.
2.5. Chemicals
All chemicals were obtained from Sigma Chemical (St.
Louis, MO, USA).
3. Results
A phosphatase activity not dependent on divalent cati-
ons has been described on the external surface of intact,
live procyclic forms of T. brucei (0.67 nmol pNP min31
mg31)[21]. As shown here, infectious, intact and live
bloodstream forms of this parasite also have external
phosphatase activity able to hydrolyze pNPP at pH 8.0
and 37‡C (3^5 nmol pNP min31 mg31). Fig. 1A compares
the phosphatase activities of intact T. brucei procyclic
6
Fig. 1. Comparison of the phosphatase activity in procyclic and bloodstream forms of T. brucei. A: Time-dependent hydrolysis of pNPP by intact para-
sites of procyclic forms at pH 7.2 and 30‡C without metals (line a) and bloodstream forms at pH 8.0 and 37‡C (line b), assayed as described in Section
2. B: Phospho-amino acid hydrolysis by bloodstream forms of T. brucei. 1 mg of bloodstream membrane fraction was incubated with 60 mM sodium
citrate, pH 5.5, containing 44 mM NaCl, 20 mM KCl, 55 mM glucose and 10 mM of phospho-amino acids, at 37‡C. Dephosphorylation of 10 mM
P-Tyr was measured at pH 5.5 or at pH 8.0; higher activity was observed at pH 5.5 (inset). C: Phosphatase activity towards pNPP (0.01^30 mM) was
measured during 30 min using 1 mg of protein. Line a, intact bloodstream forms at 37‡C; line b, membrane fraction from bloodstream forms, 37‡C;
line c, intact procyclic forms without metals at 30‡C. Inset shows the double reciprocal plot for line b.
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Fig. 2. Characterization of phosphatases in intact T. brucei. A: E¡ect of pH on T. brucei phosphatase activity. 1 mg of membrane fraction of blood-
stream forms was incubated for 30 min at 37‡C with 10 mM pNPP at di¡erent pH values, as described in Section 2. B: E¡ect of divalent cations on
phosphatase activity of intact procyclic and bloodstream forms of T. brucei. The assays were done at pH 7.2 and 30‡C (procyclics) or pH 8.0 and 37‡C
(bloodstreams) using 1 mg of T. brucei protein ml31 and 10 mM of pNPP. C: E¡ect of classic phosphatase inhibitors on phosphatase activity of intact
procyclic and bloodstream forms. Intact procyclic and bloodstream forms (1 mg ml31) were incubated at 37‡C in the presence of 1 mM of di¡erent
phosphatase inhibitors as described in Section 2. Other concentrations are indicated in the ¢gure.
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forms and intact, infective bloodstream forms of T. brucei
toward pNPP. Fig. 1B shows the ability of membrane
fractions to hydrolyze phosphothreonine (1.3 V 0.1 nmol
phosphate min31 mg31), phosphoserine (4.0 V 1.3 nmol
phosphate min31 mg31) and especially phosphotyrosine
(20.0 V 0.7 nmol phosphate min31 mg31) at pH 5.5. The
phosphatase activity towards phospho-amino acids could
not be measured using intact infectious cells (see Section
4). To con¢rm the acidic nature of the enzyme(s) towards
phosphotyrosine, this activity was tested at acidic and al-
kaline pH and was found to be greater at pH 5.5 (Fig. 1B,
inset). The phosphatase activity of intact, infectious blood-
stream forms showed no saturation with pNPP up to at
least 30 mM pNPP (Fig. 1C, line a). The bloodstream
membrane fractions showed a Michaelis^Menten behavior
for pNPP hydrolysis, with a Vmax of 3.5 nmol pNP mg31
min31 and a Km of 1.5 V 0.4 mM, at pH 8.0 (Fig. 1C, line
b). When tested at pH 5.5, Km was 0.40V 0.12 mM pNPP
(curves not shown). Line c represents the phosphatase ac-
tivity of intact procyclic forms in the presence of increas-
ing amounts of substrate. The inset shows the double re-
ciprocal transformation for line b.
To avoid the possibility that secreted phosphatases or
cytoplasmic phosphatases released from dead parasites
could be responsible for the pNPP hydrolysis, the same
reactions were run with pNPP in reaction medium in
which live cells had been pre-incubated for 60 min and
then removed by centrifugation. No pNPP hydrolysis
was detected in the resulting supernatants (data not
shown). The viability of bloodstream cells was assessed
by incubating parasites at the same concentration in me-
dium for the same time and then counting the cells in a
Neubauer chamber. All cells remained viable and 80%
retained their mobility. Rats inoculated with these cells
developed sleeping sickness within 3 days, con¢rming
that the parasite virulence was also retained.
Since the bloodstream forms of T. brucei cannot survive
at pH values below 7.4, it was necessary to use membrane-
enriched fractions to examine the e¡ect of pH values on
the phosphatase activity. Fig. 2A shows high bloodstream
phosphatase activity at pH 4.5^5.5 and an abrupt fall in
activity above or below this range. Fig. 2B compares the
e¡ect of divalent cations that caused an opposed e¡ect on
the phosphatase activity of intact bloodstream and procy-
clic forms. Since the e¡ects of Zn2þ have been described
for other membrane phosphatases [24], we examined the
inhibition by Zn2þ in more detail : the activity in intact
bloodstream parasites was inhibited by 50% by 0.05 mM
Zn2þ whereas 3 mM Zn2þ inhibited the activity by 90%.
Table 1 shows the in£uence of other divalent cations on
the phosphatase activity of intact procyclic and blood-
stream forms of T. brucei. CDTA and EDTA (1 mM)
were ¢rst tested in the control assays. Mn2þ and Co2þ
increased the phosphatase activity of intact procyclic
forms more than in bloodstream intact forms. Ca2þ, an
essential divalent cation for Ca-calmodulin phosphatases,
stimulated the phosphatase activity of intact bloodstream
forms by 50% but had no e¡ect on that of intact procyclic
forms up to a concentration of 3 mM. Fe2þ, Sr2þ, Ni2þ
and Ba2þ did not cause signi¢cant alterations (6 1%) in
the control activity of both bloodstream and procyclic
forms, even at a concentration of 5 mM (data not shown).
Fig. 2C compares the e¡ect of phosphatase inhibitors
on the phosphatase activities of live procyclic forms in the
absence of divalent metals and of live bloodstream forms
without the addition of cations to the assay. At 1 mM,
NaF inhibited 40% of the enzyme activity in intact procy-
clic forms and 50% of the control phosphatase activity of
the bloodstream forms. Levamizole (1 mM), a well-known
inhibitor of alkaline phosphatase, had little e¡ect on the
phosphatase activity of intact procyclic or bloodstream
forms. A higher concentration of levamizole increased
the phosphatase activities of both forms (data not shown).
Tetramizole (1 mM) inhibited 40% of the procyclic phos-
Table 1
E¡ect of divalent cations on phosphatase activity present in intact procyclic and bloodstream forms of T. brucei
Additions Final concentration Percentage of control activity
(mM) Intact procyclic forms Intact bloodstream forms
None ^ 100 100
CDTA 1 50 80
EDTA 1 50 80
Mg2þ 1 250 110
3 300 120
Mn2þ 1 300 150
5 400 150
Co2þ 1 200 110
3 270 140
Ca2þ 1 100 130
5 150 145
Fe2þ 1 100 90
3 100 85
The assays were done as described for each form in Section 2, using 1 mg of intact parasites. The results are the mean of three experiments, corrected
for appropriate blanks.
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phatase activity but had no e¡ect on the phosphatase ac-
tivity of bloodstream forms; at higher concentrations, tet-
ramizole activated the enzyme (data not shown). Tartrate,
an inhibitor of the secreted phosphatase of L. donovani
[25], did not a¡ect the enzyme in intact procyclic forms
but decreased the activity in intact bloodstream forms to
70% of the control activity. p-chloromercuribenzoate
(pCMB; 1 mM) an inhibitor of SH group-dependent en-
zymes, decreased the procyclic phosphatase activity to
50% and, at the same concentration, lowered the enzyme
activity of bloodstream forms to less than 10% of the
control activity (50% inhibition was achieved with 1 WM
pCMB; data not shown). Okadaic acid (10 WM), a toxin
used to identify serine^threonine phosphatase, did not af-
fect this phosphatase activity. Vanadate, a potent inhibitor
of acid phosphatases and phosphotyrosine phosphatases,
caused 90% inhibition of the phosphatase activity in both
forms of intact parasite. The IC50 for enzyme inhibition
was 0.5 WM for the procyclic forms and 0.7 WM for the
bloodstream forms.
After puri¢cation, the membrane-bound acid phospha-
tase was subjected to gel electrophoresis with subsequent
94 
68 
43 
30 
24 
a b c d e kDa 
Fig. 3. Phosphatase activity and kinetic parameters of the enzyme puri¢ed from T. brucei bloodstream forms. A: Non-denaturating PAGE; lane a, gel
slice with 30 Wg of protein was incubated with L-naphtylphosphate as substrate at pH 5.0 [23]. Under the same non-denaturing conditions, protein
staining revealed two bands at pH 5.0 (lane b, 30 Wg of protein; lane c, 50 Wg of protein) and pH 7.5 (lane d, 50 Wg of protein). Lane e, SDS^PAGE
showing a major band at 95^100 kDa. B: E¡ect of incubation time on the release of pNP. The activity was assayed using 10 mM pNPP at 37‡C, as de-
scribed in Section 2. C: E¡ect of pH on the enzyme puri¢ed from T. brucei, bloodstream forms. The activity was assayed using 10 mM pNPP at 37‡C,
as described in Section 2. D: E¡ect of pNPP concentration on enzyme behavior, showing the Michaelis^Menten behavior. Inset : double reciprocal plot,
with a Km of 0.29 mM for pNPP.
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detection of activity in situ [23] : under non-denaturing
conditions, the puri¢ed enzyme showed a single band of
phosphatase activity (Fig. 3A, lane a) coincident with the
band detected by Coomassie blue staining (lanes b and c
with 30 and 50Wg of protein, respectively). Electrophoresis
under the same conditions, but at pH 8.0, revealed two
main bands, suggesting that this heterogeneity may be due
to protein glycosylation (lane d, 30 Wg of protein). SDS^
PAGE showed a major band of approximately 95^100
kDa (lane e, 50 Wg of protein). Fig. 3B shows that the
enzymatic reaction was linear with time, at least up to
60 min. The activity was also linearly dependent on the
amount of protein used (data not shown). The puri¢ed
enzyme had a pH optimum between 4.5 and 5.5 (Fig.
3C) with an apparent Km of 0.29V 0.03 mM pNPP (Fig.
3D) and a Vmax of 0.74 Wmol pNPP min31 mg31 (Fig. 3D,
inset).
As with the intact parasites, the puri¢ed enzyme was not
a¡ected by Ca2þ, Mg2þ and Co2þ (Fig. 4A) or by 5 mM
EDTA or CDTA (data not shown). However, Zn2þ and
Cu2þ (1.0 mM) inhibited the activity by 40% and 60%,
respectively. Of the inhibitors tested (Fig. 4B), sodium
vanadate, NaF, molybdate and, to a lesser extent,
pCMB were the strongest inhibitors. High concentrations
of tartrate, cysteine, dithiothreitol and guanosine, de-
scribed as activators of low molecular mass PTPs, did
not a¡ect the enzyme activity. The IC50 for vanadate at
pH 5.0 was 0.8 mM (Fig. 5B, inset). Among the other
phosphatase substrates tested (Fig. 4C), pyrophosphate
and phosphotyrosine provided the best results ; glycero-
phosphate and phosphoserine were also hydrolyzed at a
lesser extent; no hydrolysis was observed when 6-phos-
phoglucose was tested (data not shown).
To test the hypothesis proposed by Gottlieb et al. [13],
we examined the resistance of puri¢ed enzyme to toxic
oxygen metabolites produced by a Fe2þ/H2O2/ascorbate
system. Fig. 5 shows that ectophosphatase puri¢ed from
bloodstream forms of T. brucei remained active towards
pNPP after a 15 min exposure. Under the same conditions,
a low molecular mass PTP, extracted from bovine kidney
[26], used as a control, lost 50% of its activity.
4. Discussion
To our knowledge, this is the ¢rst demonstration of a
phosphatase activity on the surface of intact procyclic and
bloodstream forms of T. brucei. The present results main-
tained their attention on the behavior of the phosphatase
activity of the entire and live parasites because we were
interested in the possible role of this enzyme in the cell^cell
interactions. That phosphatase activity could not be mea-
sured in the supernatants of cells, even after a 60 min
incubation, indicates that the pNPP hydrolysis seen was
not caused by broken cells. As also shown by phase con-
trast microscopy, control cells retained their motility. Sim-
ilarly, the phosphatase activity detected in live procyclic
and bloodstream forms showed a linear increase in prod-
uct formation with time, during at least 30 min. If cell lysis
were occurring, the increase in pNP-formation would
probably have been non-linear since more and more cells
would be dying during the assay.
Comparison of the kinetic parameters of the procyclic
and bloodstream forms indicated that: (i) the phosphatase
activity was more intense in live bloodstream forms (3^5
nmol of pNP min31 mg31) than in live procyclic forms in
the absence of metals (0.67 nmol of pNP min31 mg31) or
in the presence of Mg2þ 3 mM (1.5 nmol of pNP min31
mg31) ; (ii) in both forms, the phosphatase activity was
unequivocally acid, although the activities in (i) were mea-
sured at pH 7.2^8.0; (iii) in contrast to live bloodstream
forms, the phosphatase activity in intact procyclic forms
and in the membrane-enriched fraction showed a Michae-
lis^Menten behavior, with a Km of 0.40 mM pNPP at pH
5.5 and 2.4 mM pNPP at pH 8.0; (iv) the bloodstream
form phosphatase activity was resistant to inactivation by
oxygen metabolites; and (v) the greatest distinction be-
tween these phosphatase activities was the capacity of
bloodstream forms to hydrolyze P-Tyr whereas no activity
toward P-amino acids was detected in the procyclic forms.
Some of the parameters described here were similar to
those reported by Seyfang and Duszenko [19], including
the acidic nature of the enzyme and the sensitivity to in-
hibition by tartrate, NaF and vanadate. Other parameters,
like the metal interference, could not be discussed because
there were no data about metal in that work.
This is not the ¢rst time that acid phosphatases have
been described attached to the external surface of the
membrane of a bloodstream parasite [11,27,28]. Tosomba
et al. [28] used cytochemical procedures to demonstrate
the presence of an acid phosphatase on the surface mem-
brane of T. congolense. The low optimum pH and the
surface location of these enzymes suggest a role in an
acidic microenvironment and/or a close relationship with
lysosomal digestion and the £agellar pocket membrane.
Indeed, procyclic forms cause a marked acidi¢cation of
the medium after 36 h in culture medium.
To emphasize the stage speci¢city of the phosphatase in
bloodstream forms, the experiments were done simulta-
neously with live procyclic and bloodstream forms. The
procyclic forms were unable to hydrolyze phosphotyrosine
and the procyclic phosphatase was dependent on divalent
metals, particularly Mg2þ, in a manner similar to type
PP2C tyrosine phosphatase [1]. On the other hand, the
phosphatase of bloodstream forms was unable to hydro-
lyze phosphoserine and phosphothreonine and was inhib-
ited by divalent cations such as Cu2þ and Cd2þ, a ¢nding
con¢rmed by using puri¢ed enzyme (Fig. 3A). The addi-
tion of 1 mM EDTA decreased the phosphatase activity
by 50% in the procyclic forms and by 80% in intact blood-
stream forms.
The Km (0.4 mM) for the phosphotyrosine analog
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pNPP, obtained using bloodstream membrane fractions at
pH 5.5, was the same as that described by Schell [29] for
the £agellum bag of T. brucei. The speci¢c activities of
these two enzymes were very similar: 43.4 mmol pNPP
min31 mg31 [29] and 43.6 mmol pNPP min31 mg31 (this
work).
Trypanosomes do not secrete acid phosphatases,
although exceptions have been reported for T. cruzi [30]
A B
C
Fig. 4. Dephosphorylation of 10 mM pNPP by puri¢ed enzyme in the presence of metals and phosphatase inhibitors. A: 1 mg of protein was incubated
for 15 min at 37‡C as described in Section 2. The concentrations of the metals used are indicated in the legend. B: 1 mg of protein was incubated for
15 min at 37‡C in the presence of di¡erent inhibitors, as described in Section 2. The inhibitor concentrations are indicated in the legend. The e¡ect of
di¡erent concentrations of vanadate on the puri¢ed phosphatase is indicated in the inset. C: Potential substrates for the puri¢ed enzyme. The enzyme
activity was determined using 10 mM of each substrate and an incubation time of 60 min. The inset shows the Michaelis^Menten behavior of the en-
zyme towards P-Tyr.
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and L. donovani [13]. The phosphatase of intact blood-
stream forms showed a pattern of general inhibition not
very di¡erent from that described for the procyclic forms,
i.e. inhibition by NaF, vanadate, and tartrate, but not by
levamizole and tetramizole. pCMB markedly inhibited the
phosphatase of bloodstream forms, indicating that this
enzyme was SH-dependent, with a cysteine residue essen-
tial for enzyme activity and/or stability.
Using the Lowry and Lopez method [22] and phospho-
tyrosine as substrate, the free phosphate released by live
bloodstream parasites was observed to disappear quickly
in the reaction medium, giving negative results when com-
pared to the assay blank. On the other hand, with increas-
ing phosphate concentrations, the live bloodstream forms
reduced the inorganic phosphate concentration at a rate of
5 pmol phosphate min31 (data not shown). This behavior
was not observed with the procyclic forms.
Gottlieb and Dwyer [13] and Saha et al. [17] tested the
resistance of Leishmania phosphatase to inactivation by
oxygen metabolites. The toxicity of H2O2 to bloodstream
forms of T. brucei and the inhibitory e¡ect on parasite
oxygen consumption and pyruvate output have been de-
scribed [31]. Since T. brucei bloodstream forms lack cata-
lase and glutathione peroxidase (for review, see [31]), an
alternative H2O2-detoxi¢cation pathway has been pro-
posed [32,33]. Because hemo£agellate parasites are ex-
posed to toxic oxygen metabolites derived from drug me-
tabolism or immune mechanisms, it is necessary to
determine whether the parasite enzymes are resistant to
oxidative stress. Such a resistance could help to explain
the survival of the parasite in the host circulatory system
without a need to invade host cells to escape the host’s
immune system. Just as the parasite developed an alterna-
tive system of escape, the variant surface glycoproteins, it is
possible that the escape mechanism of the oxidative stress
also brings us new surprises.
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